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 Dielectric properties of the pure
samples and reaction mixtures were
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acid-catalyzed transesteriﬁcation
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mobility of counterions and the loss
factor are high.
 Catalyst inﬂuence on dielectric
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The design of processes involving microwave technology is dependent on the dielectric properties of the
materials being processed. The dielectric constant and loss factor of the pure liquids methanol, ethanol,
glycerin and sulfuric acid, as well as vegetable oils (Brazil nut and soybean), were measured using a vec-
tor network analyzer in an open-ended coaxial probe method (frequency range 300 MHz to 13 GHz) at
various temperatures. For measurement during acid-catalyzed transesteriﬁcation two oil:ethanol molar
ratios at three different acid concentrations were employed. Dielectric properties of the pure samples and
reaction mixtures during the transesteriﬁcation reaction were frequency and temperature-dependent.
The catalyst signiﬁcantly affects the dielectric properties mainly at high alcohol concentrations where
the mobility of counterions and the loss factor are high. The results indicate that the inﬂuence of the cat-
alyst is reduced at low alcohol concentrations as the mobility of the counterions becomes more restricted
decreasing the ionic conductivity.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Biodiesel consists of monoalkyl (methyl or ethyl) esters of long
chain fatty acids derived from animal fats and vegetable oils andrepresents a very promising alternative to conventional petroleum
diesel, with a view to lowering global warming from gaseous
emissions as well as reducing carcinogenic particulate matter
emissions. Coupled with environmental issues the increase in
energy demand has led to a renewed focus on vegetable oils and
animal fats to produce biodiesel, as shown by the vast number of
publications in this ﬁeld of research [1–3]. The transesteriﬁcation
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to obtain this important source of energy, under basic or acid con-
ditions, and it is performed using primary and secondary monohy-
dric aliphatic alcohols. Due to the reversibility of this reaction
excess alcohol is used to shift the equilibrium to the product side.
Of the aliphatic alcohols possessing 1–8 carbon atoms, methanol is
most-commonly used at the industrial scale since it is associated
with low costs and has chemical advantages. Ethanol is less fre-
quently used although it is preferable to methanol since it solubi-
lizes oil more easily, resulting in ethyl esters with increased heat
content and a lower cloud point. Also, ethanol is an entirely renew-
able, agricultural-based feedstock for biodiesel production [2].
Vegetable oils and animal fats which are extracted or pressed to
obtain crude oil or fat usually contain free fatty acids, water, ster-
ols, phospholipids, odorants and other impurities. The free fatty
acid and water contents have signiﬁcant negative effects on the
alcoholysis of glycerides using alkaline or acid catalysts. They also
interfere with the separation of fatty acid esters (biodiesel) and
glycerin. To overcome these challenges, in the past 10 years many
experimental studies have been carried out in order to enhance the
biodiesel production yield and reduce the reaction time [1].
Alkaline conditions are not suitable for biodiesel production
from residual animal fats and waste vegetable oils, which are
viewed as interesting alternative raw materials considering envi-
ronmental and economic issues. This is important since a promis-
ing alternative to vegetable oils for biodiesel production is the use
of lower cost feedstocks, such as waste cooking oils, acidic Brazil
nut oils and animal fats, which could contribute to reducing the
amount of agricultural land dedicated to fuel production instead
of food. Acid catalysts must be employed if a high content of free
fatty acids (FFAs) is present, as in some low-cost raw materials
or in waste frying oils [4,5], since the catalytic activity is not
strongly affected by the presence of FFAs in the feedstock. H2SO4
and HCl are the acid catalysts most commonly employed in the
transesteriﬁcation process [5]. Although the homogeneous acid-
catalyzed reaction provides an increase in the biodiesel yield it is
much slower than the alkali-catalyzed reaction and requires higher
temperatures and pressures [5].
In this regard, the high potential of microwave irradiation in
organic synthesis [6] has been applied to overcome the character-
istic reaction drawbacks associated with conventional heating in
the homogeneous or heterogeneous base or acid-catalyzed transe-
steriﬁcation of triacylglycerides, such as long reaction time and
higher temperatures [2,3]. The microwave-assisted transesteriﬁca-
tion reaction is efﬁciently accelerated resulting in a short reaction
time and a considerable reduction in the quantity of by-products
[7–9]. Several examples of microwave-irradiated transesteriﬁca-
tion methods have been reported in the literature using batch
laboratory ovens and domestic ovens adapted for their use as ﬂow
systems [10–12]. Heterogeneous or homogeneous catalytic ethan-
olysis of triglycerides induced by microwaves may be a viable
alternative technology for ethylic biodiesel production, especially
in Brazil, one of the world’s largest producers of ethanol; however,
very few reports in this regard can be found in the literature
[12–15].
Microwave dielectric heating is a macroscopic effect of the
interaction of electromagnetic ﬁelds in the microwave region with
continuous media characterized by their intrinsic dielectric prop-
erties [16]. Microwave heating can be enhanced by controlling
variables such as the power level, frequency of applied ﬁeld and
initial temperature of the sample, but unlike these variables, which
can be selected for a speciﬁc application, dielectric properties re-
quire empirical measurement for both simple and complex mate-
rials, especially for mixtures such as reaction solutions. Dielectric
properties are frequency and temperature-dependent and in gen-
eral applications of microwave heating an understanding of thedielectric properties of the materials is important from the theoret-
ical point of view in fundamental studies on microwave processing
applications as well as in terms of addressing environmental and
economic issues [16]. In the speciﬁc case of microwave-assisted
transesteriﬁcation reactions understanding the behavior of the
dielectric properties of the components and the reaction mixture
required to produce biodiesel certainly will aid process design cal-
culations, the execution and control of the microwave heating and
the identiﬁcation of the catalysts which can most efﬁciently en-
hance the reaction under microwave irradiation. Dielectric proper-
ties of materials are deﬁned by their relative complex permittivity
e^ ¼ e0  jðe00 þ rxe0Þ ¼ e0  je00ef where the real part e0 is the relative
dielectric constant and e00ef ¼ ðe00 þ rxe0Þ is the dielectric loss factor
of the material with r being the conductivity and e00 the imaginary
part of the relative permittivity that accounts for the dielectric
relaxation process [16]. The dielectric loss factor is related to the
electromagnetic energy dissipation in the material which occurs
through major mechanisms: ionic conduction and dipolar rotation.
The interaction of ions and dipoles with the oscillating electrical
ﬁeld creates inter- and intra-molecular friction which generates
heat throughout the volume of the material. The electromagnetic
energy (average power) absorbed by the volume V of a dielectric
material which is converted into heat is obtained from Maxwell’s
equations and is given by [16] hPi ¼ xe0e00ef E2rmsV , where P is the
power (W) absorbed by the material, e0 is the vacuum permittivity
(=8.85  1012 F/m), e00ef is the loss factor and Erms is the root mean
square of the applied oscillating electrical ﬁeld (V/m) with fre-
quency f (x = 2pf) over the volume V (m3) of the sample. The loss
tangent is deﬁned by tan d ¼ e00ef =e0 and is an important parameter
in describing the dielectric response of materials in terms of, for
example, the penetration depth (Dp), the distance at which the
amplitude of the electrical ﬁeld is damped to 1/e = 0.369 of its ini-
tial value at the surface of the material [17].
The dielectric properties of most pure solvents are widely avail-
able in the literature [18–23]. However, data on the dielectric prop-
erties of vegetables oils, animal fats, or even their mixtures with
methylic or ethylic alcohols, are scarce [24–27]. A recent study
addressed the measurement of the dielectric properties of the reac-
tion mixture in the alkaline-catalyzed transesteriﬁcation of soy-
bean oil [28]. However, to the best of our knowledge there are
no reports in the literature which describe the measurement of
the dielectric properties of the acid-catalyzed transesteriﬁcation
reaction. In an effort to better understand the microwave-assisted
transesteriﬁcation reaction this study was focused on the measure-
ment of the dielectric properties of biodiesel precursors: soybean
and Brazil nut oils, ethanol and acid catalyst (H2SO4) and the reac-
tion mixture of the acid-catalyzed ethanolysis of Brazil nut oil
using ethanol as the solvent and sulfuric acid as the catalyst. The
dependence of the results on the ﬁeld frequency was studied in
the range of 0.3–13 GHz at different temperatures.2. Materials and methods
In this study ethanol (99%, Tedia) and methanol (99.8%, FM)
were used as the solvents and H2SO4 (95–99%, SPECTRUM) as the
acid catalyst. Brazil nut and soybean oils were obtained from a
store with water and free fatty acids (FFAs) contents of around
0.11 wt.% and 0.03 wt.%, respectively. The measurements were per-
formed with an open-ended coaxial probe (HP 85070B, Agilent,
Palo Alto, CA, USA) connected to a network analyzer (HP 8753C,
Agilent, Palo Alto, CA, USA), in a 101-point frequency sweep from
300 MHz to 13 GHz. The network analyzer was controlled by the
Hewlett–Packard 85070B dielectric probe kit software (Agilent,
Palo Alto, CA, USA) and calibrated using the 3-point method
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Measurements were taken in triplicate. The probe was mounted
at the top of the cells used for the calibration and for the
measurements. Water, as the reference liquid, was maintained in
the jacketed cell of a 50-ml glass sample holder connected to a
thermostated bath for temperature control. For the measurement
of the isolated components of the reaction (alcohol, oil, acid,
oil + acid) the respective sample and the reference liquid were
maintained in jacketed cells at the same temperature in indepen-
dent thermostated baths. For the measurements taken in the reac-
tion mixture during the transesteriﬁcation process a speciﬁc cell
was built in order to provide the basic features of a conventional
reﬂux reaction system: mechanical stirring, heat exchange and
temperature control. The jacketed cell consists of a 250-ml glass
sample holder, connected to a thermostated bath and coupled to
a stirrer and a digital thermometer. The cell was sealed during
the measurements to avoid alcohol loss due to evaporation.
The dielectric properties of methanol (10 C 6 T 6 60 C), etha-
nol, sulfuric acid (10 C 6 T 6 70 C), soybean and Brazil nut oil,
and Brazil nut oil with sulfuric acid (30 C 6 T 6 70 C) were mea-
sured. Due to the appreciable dielectric loss in the case of glycerin,
one of the products of the transesteriﬁcation reaction, its dielectric
properties were measured in the range 10 C 6 T 6 70 C. The
dielectric properties of the reaction mixture during the transesteri-
ﬁcation reaction were investigated considering three concentra-
tions of sulfuric acid, namely, 1%, 3% and 5% (V/VT). Firstly,
sulfuric acid was added to ethanol and the mixture was preheated
to the desired temperature. Subsequently, the ethanol and catalyst
mixture was added to the Brazil nut oil, also preheated to the de-
sired temperature, and mixed with a mechanical stirrer. The mea-
surements were carried out employing two oil:ethanol molar
ratios. In the ﬁrst set of measurements an oil:alcohol molar ratio
of 1:90 was employed. The choice of this high molar ratio allows
easy homogeneity of the mixture and reduces the total time for
complete transesteriﬁcation to occur to a few hours, since under
conventional heating it is known that acid-catalyzed transesteriﬁ-
cation is a slow process requiring, for example, 22 h for the com-
plete ethanolysis of soybean oil using an oil:alcohol molar ratio
of 1:30 [29]. For the reaction mixture with 1% of sulfuric acid the
measurements were performed at different temperatures during
the transesteriﬁcation reaction whereas for 3% and 5% of acid the
measurements during the transesteriﬁcation reaction were taken
at 70 C.
Since in the microwave-assisted acid-catalyzed transesteriﬁca-
tion oil:ethanol molar ratios of 1:6 to 1:9 have been employed
[12,13,15] a second set of measurements was taken at 70 C during
the transesteriﬁcation reaction employing an oil:ethanol molar
ratio of 1:6. The transesteriﬁcation reactions were monitored by
analyzing the biodiesel by 1H NMR spectroscopy, according to a
procedure described in the literature [30], and the results recorded
on a Varian Mercury 300 MHz spectrometer.3. Results and discussion
3.1. Methanol, ethanol, glycerin, sulfuric acid, soybean and brazil nut
oils
Fig. 1a and b shows the relative dielectric constant and dielec-
tric loss of ethanol as a function of the frequency (0.3–13 GHz, log-
arithmic scale) at various temperatures. The data for the other pure
liquids, methanol, sulfuric acid and glycerin, are not shown. As can
be seen in Fig. 1a the dielectric constant for ethanol shows a de-
crease as the frequency increases and the rate of the decrease is
faster at lower temperatures. As a consequence, for frequencies
above 1 GHz an increase in the dielectric constant with increasingtemperature is observed. At higher temperatures the kinetic
energy of the molecules is high and consequently they are further
apart, decreasing the viscosity. Therefore, this enables a faster
response to changes in the electrical ﬁeld and enhances the
realignment process, leading to an increase in the dielectric con-
stant of the liquid compared to lower temperatures. Thus, at higher
temperatures the dielectric loss of the alcohol must decrease and
the maximum absorption will occur at increasingly higher fre-
quencies as the temperature increases. In fact, the loss factor for
ethanol (Fig. 1b) shows that the relaxation frequency is shifted to
higher frequency values as the temperature increases. In the case
of pure substances the frequency-dependence of the complex
permittivity can be ﬁtted by Debye’s and Cole–Cole equations
[18,21]. The relaxation frequency calculated at various tempera-
tures for ethanol, methanol and glycerin using the Debye–Gama
and Cole–Davidson models is in good agreement with values re-
ported in the literature [18,21]. The free energy of activation for
the dielectric relaxation process of the pure liquids ethanol, meth-
anol and glycerin can be evaluated using Erying’s rate equation by
treating the dielectric relaxation as a rate process [31]. Our mea-
surements of the dielectric response of pure water as a function
of frequency and temperature gave 3.6 kcal mol1 as the free en-
ergy of activation for the dielectric relaxation process in water,
which compares well with the value of 3.7 kcal mol1 obtained
by Kaatze [32]. In the case of methanol and ethanol the Debye-
Gama ﬁt for the free energy of activation values was in good agree-
ment with the values obtained from the standard measurements
[21]. As expected, the free energy of activation for methanol
(3.09 kcal mol1) is lower than for ethanol (4.55 kcal mol1) since
the former is a more polar molecule with a small size which allows
it to rotate and realign faster than ethanol. In the case of glycerin
there is rotation of the – OH dipole around the C-O bond and rota-
tion of the methyl dipole around the C-C bond. The energy required
for the orientation of these dipoles increases the activation energy
for the dielectric relaxation process in glycerin. A higher activation
energy of the dielectric relaxation process for glycerin was ob-
tained (5.83 kcal mol1) by ﬁtting the data with the Cole–Davidson
model and the value is in good agreement with that previously
reported (5.77 kcal mol1) by Lunkenheimer et al. [33], based on
dielectric spectroscopic measurements in glycerin.
The microwave dielectric properties of the pure soybean and
Brazil nut oil, in the frequency range 0.3–13 GHz and at various
temperatures, are shown in Fig. 1c and d. Due to their non-polar
nature, both soybean and Brazil nut oil exhibit relatively low
dielectric constants when compared with ethanol or other polar
solvents, and the values essentially remain unchanged throughout
the frequency range studied, apart from a slight decrease as the
frequency increases. The dielectric losses of the oils are negligible
and almost constant for the measured frequency range. Due to
the negligible values of the dielectric constant and dielectric loss
of vegetable oils it must be stressed that more accurate values
for these properties can be achieved using cyclohexane instead of
water as reference liquid [34]. The dielectric properties of Brazil
nut oil were measured using water and cyclohexane as reference
liquid (data not shown). The overall behavior of the dielectric prop-
erties in the frequency range measured shows the same trends in
both measurements but exhibiting lowers values with cyclohexane
as reference liquid.
For soybean oil the results are in fairly good agreement with
those found in the literature, with varying frequency and temper-
ature, as reported in Elshami et al. [26], and with recent measure-
ments taken in the frequency range of 0.28–4.5 GHz [28]. Although
a very slight increase in the dielectric constant was observed, the
microwave dielectric properties of the oils remain almost constant
with increasing temperature (Fig. 1c and d). This behavior is the
opposite of that exhibited by other commercial oils at very low
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crease with increasing temperature [24,26]. At higher frequencies
(microwave region) the electrical ﬁeld component is reversed
much more rapidly and therefore non-polar long chain molecules
are no longer able to easily rotate by a signiﬁcant amount before
the electrical ﬁeld is reversed. Consequently, as the temperature
rises even the increase in the molecular motion and in the intermo-
lecular interactions are unable to promote signiﬁcant changes in
the response of such compounds to the high frequency ﬁeld
applied. Therefore, the microwave dielectric properties of the oils
show negligible temperature-dependence.
The microwave dielectric properties of the Brazil nut oil+H2SO4
mixture are slightly changed, as demonstrated in Fig. 1e. Due to the
presence of ions in the mixture the changes are more pronounced
at frequencies below 1 GHz. The dielectric loss is enhanced but
remains negligible despite the high value of the dielectric loss of
sulfuric acid and the high acid concentration in the mixture (5%).The temperature-dependence of the dielectric constant and dielec-
tric loss of the Brazil nut oil remains essentially unchanged with
the addition of sulfuric acid, even at higher acid concentrations,
which can be explained by the high frequency of the applied elec-
trical ﬁeld and the low mobility of the counterions due to the high
molecular weight of the molecules of the ﬁrst solvation shell
(triglycerides).
Table 1 shows the dielectric constant and dielectric loss values
at various temperatures for the methanol, ethanol, soybean and
Brazil nut oils, Brazil nut oil with the addition of catalyst, glycerin
and sulfuric acid, at two allocated frequencies, for industrial, scien-
tiﬁc and medical (ISM) applications. At lower frequency (915 MHz)
the loss factor for ethanol is greater than for methanol in the tem-
perature range of 30 C 6 T 6 60 C. However, at 2450 MHz the
decreasing value for ethanol becomes lower than that for metha-
nol. This behavior reﬂects the smaller molecular size of methanol
and its high dipole moment, which allow a faster realignment with
Table 1
Relative dielectric constant and relative dielectric loss at various temperatures for
pure components and Brazil nut oil–sulfuric acid (5% V/VT) mixture at 0.915 GHz and
2.45 GHz.
Sample T (C) 915 MHz 2450 MHz
e0 e00ef e
0 e00ef
Methanol 30 30.87 6.48 24.02 12.53
40 29.80 5.14 24.87 10.75
50 28.51 4.17 24.92 9.37
60 27.10 3.25 24.65 7.64
Ethanol 30 17.41 9.71 8.91 8.00
40 18.80 8.25 10.36 8.81
50 19.26 6.78 11.80 8.89
60 19.24 5.01 13.63 8.11
70 18.65 3.81 14.68 7.31
Soybean oil 30 2.77 0.22 2.65 0.17
40 3.03 0.31 2.87 0.29
50 3.05 0.21 2.93 0.21
60 2.70 0.13 2.58 0.13
70 2.86 0.32 2.73 0.24
Brazil nut oil 30 2.98 0.19 2.87 0.18
40 3.00 0.19 2.88 0.18
50 3.24 0.26 3.11 0.21
60 3.08 0.28 2.96 0.23
70 3.08 0.28 2.95 0.25
Brazil nut oil H2SO4 (5%) 30 3.75 0.64 3.40 0.52
40 3.80 0.53 3.54 0.40
50 3.83 0.77 3.52 0.52
60 3.81 0.72 3.50 0.48
70 3.83 0.73 3.51 0.50
Sulfuric 30 30.85 287.7 29.10 112.2
acid 40 32.13 299.4 30.63 127.4
50 35.77 358.5 31.92 136.4
60 32.40 434.6 31.50 164.6
70 31.31 509.9 29.49 192.2
Glycerin 30 11.55 11.17 7.88 5.51
40 15.80 13.26 9.23 7.69
50 18.29 14.37 9.95 8.96
60 19.52 14.34 9.55 9.72
70 24.28 12.72 12.34 11.64
D.C. Campos et al. / Fuel 117 (2014) 957–965 961the electrical ﬁeld at higher frequencies than ethanol and therefore
the relaxation frequencies of methanol are shifted to higher fre-
quencies relative to ethanol. As shown in Table 1, the dielectric loss
for the alcohols decreases with temperature while for the oils it re-
mains almost unchanged with increasing temperature. As demon-
strated in Table 1, sulfuric acid has a very high loss factor due to
the high concentration of ions and counterions in its liquid phase
[35]. The ionic species chieﬂy responsible for the high conductivity
of liquid sulfuric acid are principally H3SO4+ and HSO4-, through
autoprotolysis, with a small contribution from small amounts of
H3O+ and HS2SO

7 through an ionic self-dehydration mechanism.
The high loss factor of liquid sulfuric acid is mainly associated with
the high mobility of the ions and counterions (ionic conductivity)
and the dielectric relaxation process has a negligible effect on the
absorption of electromagnetic energy by the liquid [35]. Conse-
quently, as the temperature increases the mobility of the ions
and the conductivity increases leading to an increase in the dielec-
tric loss of sulfuric acid, as shown in Table 1.
The addition of sulfuric acid to oil causes the loss factor to in-
creases by more than a factor of two at the allocated ISM frequen-
cies (915 and 2450 MHz), but the absolute values remain negligible
compared with the loss factors for the solvents (methanol and eth-
anol). Furthermore, the loss factor for the oil + sulfuric acid mixture
remains unchanged with changes in the temperature (Table 1). It
should be noted that glycerin, a by-product of the transesteriﬁca-
tion reaction, has loss factor values in the same range as those
for methanol and ethanol. However, glycerin exhibits lower relax-
ation frequencies due to its high molecular weight and the pres-
ence of three OH groups, which allows the formation of a highnumber of hydrogen bonds in liquid glycerin. These intermolecular
interactions lead to longer relaxation times, but they become weak
as the temperature increases, resulting in an increase at higher fre-
quency (2450 MHz) in the loss factor for glycerin as the tempera-
ture increases, as shown in Table 1.
3.2. Brazil nut oil, ethanol and catalyst
3.2.1. Oil:ethanol molar ratio of 1:90
The behavior of the dielectric properties of an electrolytic solu-
tion, such as the reaction mixture in the transesteriﬁcation of Bra-
zil nut oil under acid conditions, is very complex. The presence of
ions, with their strong electrical ﬁelds, affects the molecular inter-
actions between the solvents and the solute and their interactions
with applied electrical ﬁelds. Furthermore, for reaction mixtures,
many parameters, such as the density, volume, temperature, con-
centration of reactants and products, as well as intermediates (if
any), change as the reaction proceeds. Therefore, any attempt to
analytically calculate the dielectric properties of reaction mixtures
becomes complex as so many parameters need to be taken into
consideration. A knowledge of the dielectric properties of the reac-
tion mixture during transesteriﬁcation allows the design of micro-
wave cavities operating at an optimum frequency (within those
permitted in regulations) in order to perform the microwave-as-
sisted transesteriﬁcation of vegetable oils and animal fats as well
residuals oils with a high content of free fatty acids (FFAs).
In this section, measurements taken in a reaction mixture with
a high alcohol concentration to ensure easy homogeneity and fas-
ter transesteriﬁcation are discussed. The dielectric constant and
loss factor during the transesteriﬁcation reaction of Brazil nut oil
with 1% of sulfuric acid as a function of frequency and at four dif-
ferent temperatures (60 C 6 T 6 72 C) are shown in Fig. 2a and b.
Due to the high ethanol concentration the dielectric constant of the
mixture is close to the value for ethanol and the general behavior
of the dielectric constant of the mixture (Fig. 2a) as a function of
the frequency resembles that of ethanol (Fig. 1a) in the same tem-
perature range but with lower e0 values for the mixture compared
to pure ethanol. Despite of the low concentration of sulfuric acid in
the reaction mixture this appreciably lower dielectric constant rel-
ative to pure ethanol originates from ion solvation. The solvent
molecules bound to counterions do not generate effective dipole
moments, which leads to a decrease in the polarization, reducing
the e0 value.
In addition, at lower frequencies (<1 GHz) a smoother decrease
in the dielectric constant of the mixture is observed (Fig. 2a) as the
temperature increases, compared to ethanol, which, once again, re-
ﬂects the strong interaction between the counterions and solvent
molecules of the ﬁrst solvation shell. The inﬂuence of the added
ions, due to the presence of the 1% of H2SO4, was even more pro-
nounced in the case of the loss factor. Despite the high alcohol con-
centration the loss factor of the mixture markedly changed the
frequency-dependence, decreasing steadily as the frequency in-
creased (Fig. 2b). The observed high values of e00ef at lower frequen-
cies is due to ionic conductivity and the overall behavior of the loss
factor as the reaction proceeds remains almost unchanged (the
curves in Fig. 2b essentially overlap mainly at higher frequencies).
This behavior can be explained by observing that as the reaction
proceeds ethanol is lost as the intermediates of the reaction, digly-
cerides and monoglycerides, are produced, along with the ethyl
esters (biodiesel) products, which are less polar compounds thus
reducing the loss factor of the mixture. On the other hand, glycerin
as a byproduct, is produced as the reaction proceeds and, as shown
in Table 1, glycerin exhibits a high loss factor mainly in the
temperature range of 60 C 6 T 6 70 C, which contributes to
enhancing the loss factor of the reaction mixture. Thus, the de-
crease in the alcohol concentration is compensating for by the
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remains almost constant as the reaction proceeds.
The behavior of the loss factor of the reaction mixture during
the transesteriﬁcation process was also investigate maintaining
the reaction temperature constant at 70 C and simultaneously
monitoring the conversion to ethyl-esters through NMR measure-
ments. The dielectric loss for three ISM allocated frequencies and
conversion to ethyl-esters are shown in Fig. 2c. It can be observed
that the loss factor of the reaction mixture slightly decreases as the
reaction proceeds until the conversion reaches around 60%,
remaining almost constant thereafter. The initial decrease in the
loss factor can be attributed to the formation of reaction interme-
diates and the glycerin concentration still being low.
Trends similar to those shown in Fig. 2 were obtained for the
transesteriﬁcation of the Brazil nut oil using the same molar ratio
but increasing the sulfuric acid to 3% (V/VT). Another set of mea-
surements was taken using a sulfuric acid concentration of 5%
and a reaction temperature of 70 C. The dielectric properties are
shown in Fig. 3.
A decrease in the values for the dielectric constant of the mix-
ture relative to pure ethanol can be observed during the initial
stage of the reaction, concomitantly with a low conversion. After
the conversion reaches around 50% the dielectric constant remains
almost constant as the reaction proceeds and the curves overlap
(Fig. 3a). At a sulfuric acid concentration of 5% the inﬂuence of
the added ions on the loss factor increases signiﬁcantly leading
to a marked change in its frequency-dependence, an asymptotic
decrease occurring with increasing frequency (Fig. 3b). The curves
in Fig. 3b overlap strongly, as in Fig. 2b, demonstrating that an in-
crease in the sulfuric acid concentration of the reaction mixture
shifts the e00ef curves to higher values maintaining their frequency
dependence. The behavior of the loss factor during the transesteri-
ﬁcation reaction is more pronounced as can be seen in Fig. 3c
where the e00ef values at 2450 MHz together with the% conversion
to ethyl-esters are shown. The dielectric loss decreases from a va-
lue of 20 in the initial stage of the reaction (negligible conversion)
to a value of around 15 as the conversion reaches 90%. The loss of
ethanol during the formation of diglycerides and monoglycerides
leads to a reduction in the dielectric loss of the mixture, but as
the reaction proceeds increasingly more glycerin is formed which
increases the loss factor and as a consequence it remains almost
constant after a high conversion is achieved. The reaction mixtures
also present small penetration depths, for example, the penetration
depth reaches a maximum value of 1.2 cm (at 2450 MHz) for the
reaction mixture at 70 C with an acid concentration of 1% while
ethanol has a penetration depth (at 70 C) of 2.1 cm. Small penetra-
tion depths indicate the strong inﬂuence of the catalyst concentra-
tion on the dielectric properties of the mixture of oil with a high
alcohol concentration verifying that there is no net contribution
of the oil to the dielectric properties at this concentration. The
preceding results indicate the strong inﬂuence of sulfuric acid on
the dielectric properties of the reaction mixture when a high oil
to ethanol molar ratio is used, which is explained by the high
mobility of counterions in an environment comprised mainly of
alcohol molecules and a few oil molecules.
3.2.2. Oil:ethanol molar ratio of 1:6
The inﬂuence of sulfuric acid on the dielectric properties of the
reaction mixture is strongly favored by the high alcohol concentra-
tion as observed in the previous section. High molar ratios are not
desired for practical purposes in microwave-assisted transesteriﬁ-
cation reactions. In this section, transesteriﬁcation reactions per-
formed using an oil:ethanol molar ratio of 1:6 and 1%, 3% and 5%
H2SO4 are described. On employing 1% H2SO4 the transesteriﬁca-
tion at 70 C achieved around 92% conversion after 20 h whereas
on using a molar ratio of 1:90 the same conversion was achievedin 2 h, as shown in Fig. 3c. Data obtained using 1% H2SO4 are not
shown. The measurements reveal the same general trends in the
frequency dependence but, concomitantly, there is a considerable
decrease in the dielectric constant values for the mixture com-
pared with pure ethanol (Fig. 1a) or with the reaction mixture at
molar ratio of 1:90 (Fig. 2a), as shown in Fig. 4a. A reduction in e0
is observed because effective dipole moments cannot be generated
by ethanol molecules bound to ions, which leads to a decrease in
the polarization. Furthermore, as the reaction proceeds the e0 val-
ues continuously decrease since ethanol is lost during the reaction
and the intermediates and products make negligible contributions
to the polarization.
The dielectric loss behaves quite differently from the reaction
mixture with a molar ratio of 1:90, as observed in Fig. 4b compared
to the results shown in Fig. 3b. The low content of ethanol mole-
cules and their continuously decreasing number as the reaction
proceeds, as well as the size and high molecular weight of mole-
cules such tri, di and monoglycerides, ethyl-esters and glycerin,
which can act as molecules of the ﬁrst solvation shell, completely
inhibit the mobility of ions in the solution. This markedly reduces
the loss factor of the reaction mixture during the transesteriﬁca-
tion reaction. Therefore, in the present case (molar ratio of 1:6)
dielectric loss is dictated by the relaxation process rather than
the ionic conductivity. As observed in Fig. 4b for longer times
(>8 h) and high conversion (>90%) the dielectric loss has values
in the same range as oil + 5% H2SO4, as shown in Fig. 1e. This can
be understood by considering that ethyl-esters are marginally
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slight increase (for longer times) in the e00ef values with frequency
observed in Fig. 4b is due the appearance of glycerin (relaxation
frequency 1.39 GHz at 70 C) and the presence of ethanol (relaxa-
tion frequency 3.72 GHz at 70 C) in the ﬁnal mixture consisting
of these compounds along with ethyl-esters and sulfuric acid.
The loss factor behaviors for the reaction mixtures during the
transesteriﬁcation reaction at three different frequencies are
shown in Fig. 5a and b together with the conversion in each case,
using 3% and 5% H2SO4 (V/VT). For both acid concentrations it is
clear that the decrease in the e00ef values as the reaction proceeds
is due to the alcohol lost from the mixture with the formation of
intermediates and products. A comparison between the resultsshown in Fig. 5a and b reveals that the highest values, reached
by e00ef at 5% H2SO4 (Fig. 5b), can be attributed to the greater acid
concentration which enhances the ionic conductivity at same eth-
anol concentration, thus increasing e00ef . Therefore, a lower alcohol
concentration must have a greater inﬂuence on the loss factor at
high acid concentration, which can be veriﬁed in Fig. 5a and b.
As mentioned above, the loss of ethanol induces counterions bound
to high molecular weight molecules inhibiting their mobility and
decreasing the ionic conductivity.
As also noted previously, the penetration depth is small when
the oil:ethanol molar ratio is 1:90, while at a molar ratio of 1:6
there is a considerable increase in this value, as shown in Fig. 5c.
At 2450 MHz the reaction mixture penetration depth has an initial
value of 5.6 cm, reaching 11.6 cm by the end of the reaction. The
increase in the penetration depth as the reaction proceeds is most
prominent at low frequencies and this increase is explained by the
loss of ethanol and by less polar molecules being formed during the
reaction. These results make it clear that data on parameters such
as the dielectric constant, loss factor, loss tangent and penetration
depth are critical for the design of microwave-assisted transesteri-
ﬁcation reactions, both alkaline- and acid-catalyzed, and for the
development of numerical methods for biodiesel production
process.4. Conclusions
The dielectric properties of mixtures in the acid catalyzed
transesteriﬁcation of Brazil nut oil are strongly affected by the cat-
alyst at high alcohol concentrations. The behavior of the dielectric
loss factor in such mixtures is dictated by the ionic conductivity. A
remarkable change is observed when the oil:ethanol molar ratio is
low, indicating the inﬂuence on counterion mobility. The reaction
mixture penetration depth was strongly dependent on the alcohol
and acid concentration. Data on the dielectric properties can be
used to improve and optimize microwave-assisted acid-catalyzed
transesteriﬁcation in biodiesel production and allows the develop-
ment of numerical models for this process.Acknowledgements
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